In some cases of complete A-V block the curve of the duration of P-P intervals showed a sudden dip with a gradual return, during or after the T wave. This positive chronotropic (accelerating) effect of ventricular systole is probably caused by the traction exerted on the right auricle by the contracting ventricle. Other cases showed a sudden rise in the curve of P-P intervals late in diastole, followed by a gradual return. This negative chronotropic (slowing) effect is probably caused by a vagal reflex precipitated by stimulation of the arterial pressoreceptors by the pulse wave. The interplay of these two effects determines whether the P-P intervals containing QRS will be shorter than those not containing it, or whether the relation is reversed (paradox effect).
IT HAS been frequently observed that in cases of auriculoventricular block the auricular P-P intervals which contain a ventricular QRS complex are shorter than those which do not contain it. According to previous papers14' 15 ' 25, 32 which also contain reviews of the older literature, a pronounced shortening of these intervals was present in 42 per cent of 147 reported cases, while a slight or inconstant shortening or no change appeared in 54. 5 per cent. In 3.5 per cent of the cases, the P-P intervals containing QRS complexes were found to be longer than those not containing it; we shall designate this behavior as "paradox" and the P-P intervals exhibiting it as "paradoxical". Many explanations have been proposed for the shortening of the P-P interval containing a QRS complex, but n one of these appear completely satisfactory. The purpose of the present paper is to make a more detailed study than has been made heretofore in cases showing a definite relation between the duration of the P-P interval and the time of occurrence of the QRS complex, and to test the applicability of the various possible mechanisms in the light of our findings.
We have used five general methods of ap- This investigation was aided by the Grant H-1486 of the National Heart Institute, National Institutes of Health, United States Public Health Service.
This work was done during the tenure of an Established Investigatorship of the American Heart Association by Dr. Lepeschkin. proach in our studies. In the first of these, we planned to make an exact analysis of the effect of the time of appearance of a given P-P interval after the QRS complex on the duration of this interval, in cases of complete A-V block. The second approach was to study the behavior of the P-P interval during the appearance or disappearance of 2: 1 A-V block. The third group of observations concerned the behavior of this interval in cases where a slow idioventricular rhythm in complete A-V block is interrupted by premature ectopic ventricular beats. A fourth method was to study the effect of atropine or exercise on the behavior of P-P interval. The last group of observations concerned cases of auricular paroxysmal tachycardia with incomplete A-V block.
Only electrocardiograms in which the P waves were clearly visible were used for measurement. As the P waves are more or less rounded in shape and also often show slight variations in their configuration with respiration, the error of measurement in identifying the corresponding points of two successive P waves may reach 0.02 second. Because of this error, only electrocardiograms showing variations in the P-P intervals exceeding 0.03 second were used. If a P wave was partly superimposed on a QRS complex, only those parts of the P waves which were seen clearly were used for measurement of the P-P interval; these parts could be identified readily in most cases, as the P wave usually exceeds the QRS complex in duration.
EFFECT OF VENTRICULAR SYSTOLE ON THE P-P INTERVAL IN COMPLETE A-V BLOCK
phases of ventricular systole and diastole on the P-P interval, only cases in which the P waves appeared in widely differing relationships with the QRS complex could be used. Cases of complete A-V block proved best suited for this particular purpose. In order to obtain a statistically significant number of points for each phase of the ventricular cycle, it was necessary to select cases in which very long electrocardiographic tracings were taken. A case of this kind was reported in detail in the paper by Roth and Kisch32, but a presentation of the results of their analysis in the form of a curve was not carried out in their original paper. In figure la, a total of 128 P-P intervals listed in table 4 of their paper is plotted against the time of appearance of the P wave concluding this interval with respect to the QRS complex. The continuous line in the graph is a smoothed curve based on average P-P values FIG. 1. Relation between the P-P interval (P1-P2) and the interval from the beginning of QRS to the beginning of the P wave concluding this interval (Q-P2), in two cases of complete A-V block. The ventricular complexes are drawn to scale underneath each graph. Points indicated by circles correspond to P-P intervals showing a paradox relation to ventricular systole. Those indicated by single circles correspond to P-P intervals containing a QRS complex but exceeding the P-P interval which precedes or follows it. Points indicated by double circles correspond to P-P intervals containing a QRS complex and exceeding both the P-P interval which follows it and the one which precedes it. a: within 0.1 second of each Q-P interval. It can be seen clearly that P waves falling later than about 0.8 second after the QRS complex tend to terminate P-P intervals which are considerably longer than those terminated by P waves falling earlier; this tendency is maximal for P waves appearing 1.2 second after the beginning of QRS. P waves appearing later are again less delayed. The entire curve of P-P intervals has a sharp ascent and gradual descent, resembling the arterial pulse wave in its contour. We shall designate this slowing effect of ventricular systole on auricular rhythm as a "negative chronotropic effect".
The two P-P intervals indicated by circles are paradoxical, that is, they are longer than intervals following or preceding them in spite of the fact that they contain a QRS complex. These intervals do not deviate from the general trend of the curve and are grouped around a Q-P value of 0.95 second. The P-Q interval of the preceding P wave (P-P minus Q-P) is about 0.05 second. The paradoxic behavior of the P-P intervals is evidently caused in this case by the fact that the influence which tends to prolong the P-P interval is sufficiently strong at this time.
Figure lb represents an analysis of the P-P intervals of the case described in table 2 and illustrated in figure 3a of the present paper, carried out in a manner similar to that used in figure la. In this case, a total of 325 P-P intervals, registered on four different occasions, is plotted against the time of occurrence of the P wave concluding it in relation to the preceding QRS complex. Because of the fluctuations of the basic heart rate, the scatter of the P-P values for each Q-P interval is considerable. However, it is clear that there is a definite minimum at about 0.5 second after the beginning of QRS and a less pronounced maximum at about 1.1 second. In contradistinction to the curve of Figure la , the descent of the curve is steep while its ascent is gradual and seems to have a short plateau at about 0.85 second. We shall designate this accelerating effect of ventricular systole on auricular rhythm as a "positive chronotropic effect". The time of the beginning of this effect is difficult to determine because of the gradual slope of the curve, but it seems to be about 0.90 second.
Contrary to the case of figure la, the paradoxic P-P intervals of figure lb are confined to the first 0.35 second of the Q-P interval, and the P-Q distances of the P wave initiating these intervals tend to be longer than average. The difference in the pattern of the paradoxic P-P intervals compared with that shown in Figure la can be explained by the fact that the P-P intervals in Figure lb are shorter than those in la, and in the former the positive chronotropic effect seems to predominate over the negative one. As a consequence, P waves occurring within 0.35 second of the QRS complex are not affected in their time of appearance, and the corresponding P-P intervals are long even though they contain a QRS complex.
The graphic analysis described in the preceding paragraphs was applied to eight additional cases published in the literature; two of these2' 23 were already presented in graphic form. The results are summarized in table 3, which also includes the two cases described in detail above. The cases are arranged in the order of increasing ventricular rates. It can be seen that of the 10 cases included in this table, six exhibited a behavior similar to that shown in figure la in that they showed an abrupt rise of the P-P intervals with increasing Q-P intervals, followed by a gradual fall. In these cases, therefore, only a negative chronotropic effect on the auricular rhythm seemed to be present. This effect began at Q-P intervals of 0.50 to 1.70 second and reached a maximum at 1.10 to 2.10 second.
One of the 10 cases of table 3 (case 9) showed a sudden decrease of the P-P intervals with a gradual return to the base line; the maximum of this decrease occurred at 0.35 second after beginning of QRS. A second sharp decrease took place at 0.65 second, while the increase of P-P which followed was gradual. This case was considered as showing no negative chronotropic effect of ventricular systole, but only a positive chronotropic effect with two maxima. The duration of the "dip" in the P-P curve corresponding to the second maximum was only 0.20 second and the number of observations on which it was based was small; nevertheless, as it was almost identical in form and location with the dips of case 4, which were clearly seen on two different occasions, it seems unlikely that it should be a spurious effect due to a chance distribution. In 3 of the 10 cases (cases 4, 8 and 10), finally, both a sudden rise and a sudden dip in the curve of P-P values appeared to be present, so that both a positive and a negative chronotropic effect was assumed in these cases. The maxima of the positive chronotropic effect ranged from 0.35 to 0.85 second, while the earliest time of appearance of this effect was 0.15 to 0.75 second after the beginning of QRS.
THE P-P INTERVAL IN CASES OF TRANSIENT
A-V BLOCK
In table 1, the P-P intervals during the spontaneous appearance and disappearance of 2: 1 A-V block in another patient are recorded. These are taken from five electrocardiograms registered at rest during a 10-month period. There were 12 instances in which 2:1 A-V block appeared (group A); these are illustrated by the middle of figure 2a and by figure 2b. In this case, the first P-P interval which does not contain a QRS complex (P-P*) and the succeeding P-P interval which contains this complex (P-P) were expressed as a percentage of the last P-P interval during 1:1 conduction. The calculations showed that the P-P* was on the average 6.69 per cent longer than the last P-P interval, the individual variations being from 0 per cent (in ECG 4 of table 1) to 17 per cent. The reason there was no increase in ECG 4 is that this electrocardiogram showed a definite tendency of the P-P intervals to decrease throughout the tracing. The first P-P interval with QRS, following the missed A-V conduction, showed an average shortening of 4.03 per cent compared with the last P-P interval preceding the block. The individual variations ranged from an increase of 2.9 per cent (in ECG 18 of table 1) to a decrease of 8.5 per cent. The increase in ECG 18 of the P-P interval and the absence of change in ECG 7 can be explained by the tendency of P-P to increase towards the end of the tracing. The conclusions which we may draw from this series is that the absence of ventricular systole during one P-P interval causes a definite prolongation of this interval and a slight shortening of the following P-P interval. There were 10 instances in which a 2:1 A-V block disappeared (group B). These are illustrated at the beginning and end of figure la.
In this series, the first and second P-P intervals with normal conduction were expressed as a percentage of the last P-P interval not containing a QRS complex. The this series thus indicate that not only the first but also the second P-P interval after restitution of normal A-V conduction is shorter than the P-P interval not containing a QRS complex.
Exceptions to the general trend described in the two preceding paragraphs were caused by spontaneous variations of the sinus rate, but even these variations were not sufficient to cause a paradoxic relation between the P-P intervals containing a QRS complex and the adjoining intervals not containing it; the former were always shorter than the latter.
EFFECT OF VENTRICULAR ECTOPIC BEATS IN
COMPLETE A-V BLOCK ON THE P-P INTERVAL Table 2 represents the P-P intervals during the appearance and disappearance of ventricular ectopic beats in the case of complete A-V block depicted in figure lb. In this case the appearance of an ectopic beat between two idioventricular beats would cause a hemodynamic situation resembling the reappearance of 1: 1 conduction ( fig. 3b) , and accordingly the situation of group B in cases of 2:1 block. In seven instances of such a transition, the first P-P interval containing a QRS complex was on the average 6.91 per cent (2.7 to 10.1 per cent) shorter, while the second P-P interval with a QRS complex was 5.87 per cent (1.4 to 9.8 per cent) shorter, than the preceding P-P interval without QRS. As in the corresponding group B of patients with transient 2:1 block, the decrease of the second P-P interval is smaller than that of the first, but the difference is not as pronounced. A similar observation was made previously by Rasario.29 When the ectopic beats disappear and idioventricular rhythm is reestablished, the situation resembles that found at the time of appearance of 2:1 A-V block (group A). In this case the first P-P interval not beats caused an increase of P-P comparable to that observed during appearance of 2:1 block, but that the first P-P interval with QRS after an interval without QRS was only insignificantly shorter than the last P-P interval of a series containing QRS complexes.
In a case of 3:1 A-V block with nodal escape beats, illustrated by Parsonnet and his coworkers26, the P-P interval not containing QRS was on the average 9 per cent longer than the preceding interval with QRS, while the following interval with QRS was 3.1 per cent longer than this interval (group A). On the other hand, the first P-P interval with QRS after the interval without QRS was on the average 5.2 per cent shorter, while the second interval was 6.6 per cent shorter, than this interval (group B).
THE EFFECT OF ATROPINE AND OF EXERCISE
In the case whose details are shown in table 2, 1 mg. of atropine sulfate was injected intravenously, and the relation of the P-P intervals to the time of appearance of the P wave concluding them was plotted as in figure lb. Immediately before atropine, the average P-P interval was 0.56 second and the maximum of the dip in the curve of P-P intervals appeared at about 0.45 second after QRS. The maximum of the rise seemed to be at about 0.95 second. At the beginning of the first minute after injection, the P-P intervals had an average of 0.47 second and showed a dip with a maximum at about 0.55 second (slightly delayed as compared with the value before atropine), while the maximum of the rise remained at about 0.95 second. At the end of the first minute and during the second and third minutes after injection, the average P-P interval was 0.38 second; the dip in the curve of P-P intervals was less pronounced and seemed to have a maximum at about 0.55 second; because of the increase in ventricular rate, no Q-P values at which a late rise of P-P would be expected were registered. Five and six minutes after the injection, coupled ventricular premature beats which were present singly on previous occasions ( fig. 3b ), now appeared continuously in the form of bigeminal rhythm ( fig. 3c ). At this time the P waves showed a peculiar group formation which was present in almost identical form during all of the 11 bigeminus groups which were registered. The P wave which appeared 0.25 to 0.30 second after the idioventricular QRS complex always terminated a P-P interval of 0.38 to 0.39 second. The next P wave, which occurred 0.07 to 0.12 second after the beginning of the premature beat and 0.67 to 0.72 second after the idioventricular beat, terminated a P-P interval of 0.41 to 0.42 second. The following P wave occurred 0.45 to 0.52 second after the extrasystole and terminated a P-P interval of 0.39 to 0.40 second. The following P wave, which occurred 0.85 to 0.90 second after the extrasystole, terminated a P-P interval of 0.37 to 0.38 second, and the last P wave occurred 1.25 to 1.30 second after the extrasystole and concluded a P-P interval of 0. 40 expressed as a percentage of the preceding P-P interval, which does not contain QRS, the former was found shorter in 85 per cent of the cases and longer in 15 per cent. The average shortening was about 7 while the average prolongation was only 3 per cent. It was already mentioned that a prolongation of the P-P interval containing QRS, which we designated as a "paradoxic behavior", appeared only when the second P wave of the P-P interval fell less than 0.35 second after the QRS complex. During the first minute after the injection of atropine, the shortening of the P-P interval containing QRS became progressively smaller as the P-P intervals decreased, and when they reached a value of 0.39 to 0.41 second, a shortening was observed with about the same frequency as a prolongation. During the second minute after atropine, the P-P intervals fell to 0.34 to 0.38 second, and all P-P intervals containing QRS complexes showed a paradoxic prolongation of, on the average, 5 per cent. Three minutes after atropine the durations of the P-P intervals were beginning to rise, and the intervals containing QRS complexes show little difference from those not containing it.
Five to 10 minutes after atropine the P-P intervals again reach 0.37 to 0.42 second, and are again shorter if they contain a QRS complex. We have seen, therefore, that atropine caused a disappearance or reversal of the usual effect of QRS on the P-P interval containing it while the dip in the curve expressing the relation of P-P to Q-P was still present at an approximately normal time; the decrease of P-P during this dip was also of normal magnitude, when expressed as a percentage of the average P-P interval (7 per cent before and after atropine). The P waves terminating the paradoxical P-P intervals appeared always earlier than 0.35 second after QRS, as was the case without atropine. The cause of the paradoxic effect of QRS on P-P in this case was, therefore, the shortening of the P-P intervals, which caused the second P wave following QRS to appear during the dip of the P-P curve, instead of during the late rise, as was the case without atropine.
Many authors have remarked previously that the difference between P-P intervals containing QRS complexes and those not containing it becomes smaller or disappears completely after atropine.10 The effects of exercise were studied in the case described in table 1. Before exercise, 2:1 A-V block was present, and P waves occurring, on the average, 0.35 second after QRS complexes terminated P-P intervals with QRS, averaging 0.56 second, while P waves appearing around one second after QRS terminated P-P intervals without QRS, averaging 0.62 second. Immediately after exercise, complete A-V dissociation with an idioventricular rhythm was present, and P waves appearing 0.08 to 0.25 second after QRS terminated P-P intervals averaging 0.385 second; P waves appearing 0.30 to 0.90 second after QRS terminated P-P intervals averaging 0.37 second, while P waves appearing 0.92 to 1.22 second after QRS terminated P-P intervals having an average of 0.38 second. At this time the P-P intervals containing QRS accordingly showed a tendency to be longer than those not containing it. One minute after exercise, 3:1 A-V block appeared (fig. 2c), and P waves occurring around 0.20 second after QRS complexes terminated P-P intervals averaging 0.425 second, P waves falling around 0.60 second after QRS terminated P-P intervals averaging 0.410 second, while P waves appearing around 1 second after QRS complexes terminated P-P intervals averaging 0.4 second. At this time all P-P intervals containing QRS complexes were longer than those not containing it (paradoxic effect). About two minutes after exercise, 2:1 A-V block reappeared; at this time P waves appearing around 0.25 second after QRS as well as those appearing 0.75 second after QRS terminated P-P intervals of 0.48 second; the difference between P-P intervals containing QRS and those not containing it had disappeared. Three minutes after exercise the appearance of ventricular extrasystoles made the measurement of P-P intervals difficult Tables 1  and 2  Table 2   Table 4 Table 5B Table 2   Table 3 block reappeared, the P waves and P-P intervals had the same relation to the QRS complexes as before exercise.
The gradual transition between a paradoxic and the usual effect of the ventricular QRS complex on the P-P interval containing it, observed in the case described above during recovery from exercise, can be explained as follows. During the first minute after exercise the presence of a positive chronotropic effect of ventricular systole (about 5 per cent) from 0.25 to 1 second after QRS and a complete absence of a negative chronotropic effect can be assumed. The first P wave after QRS appears before the positive chronotropic effect has had time to manifest itself, and this leads to a paradoxic prolongation of the P-P interval which it concludes. Two minutes after exercise, the first P wave after QRS still appears before the positive chronotropic effect has set in, but the second P wave is now influenced by both the positive effect and by the negative chronotropic effect which has not begun to develop; this causes the P-P intervals of both P waves to become approximately equal.
From the end of the third minute on, the first P wave after QRS appears late enough to be influenced by the positive chronotropic effect while the second P wave is influenced by the late negative chronotropic effect which is now fully developed. This leads to the usual shortening of the P-P interval containing QRS compared with the other intervals. figure 4 . In this case, the P waves appearing 0.12 to 0.13 second after QRS conclude P-P intervals of 0.29 to 0.31 second while P waves appearing 0.42 to 0.46 second after QRS conclude P-P intervals of 0.32 to 0.36 second. Decherd and co-workers' mention the occurrence of alternation of P-P intervals in their paper on paroxysmal auricular tachycardia with A-V block. We have measured the P-P intervals in the 40 cases illustrated in this paper. These intervals could be measured accurately in only 25 cases; of these, five cases showed variations of P-P intervals unrelated to the time of appearance of ventricular systole. Of the remaining 20 cases, P-P intervals containing a QRS complex were shorter than those not containing it in 11 cases, while in nine cases all P-P intervals were equal. A paradoxical behavior of the P-P intervals was never observed. In the cases showing the changes in P-P, the average value for P-P was 0.344 second, while this average was 0.332 second in the cases which did not show it. In the former, the P waves terminating the short P-P intervals appeared 0.06 to 0.21 second after the beginning of QRS, while those terminating the long P-P intervals appeared 0.31 to 0.54 second after QRS. In the cases with constant P-P intervals, these showed the same range in the time of appearance of the P waves terminating them. A similar effect of ventricular systole on auricular rhythm was present also in figures 8B, 9B and 20 of a paper by Barker and associates.4 In the paper by Lown and coauthors,22 their figure 1B shows a case of paroxysmal auricular tachycardia with variable 2:1 and 3:1 A-V block. In this case, P-P intervals containing QRS and concluded by P waves 0.12 second after QRS have an average duration of 0.31 second while the following P-P intervals without QRS, with P waves falling 0.46 second after QRS, have an average duration of 0.34 second. P-P intervals concluded by P waves occurring 0.77 second after QRS have again a short duration of 0.31 second.
Alternation in the auricular cycle length has been described also in cases of auricular tachycardia without A-V block,' and the objection could be made that the variations of P-P in the cases described in this section could have been caused by the same mechanism, and not by the alternate absence of ventricular systole. However, the short P-P intervals invariably contained a QRS complex while the long intervals did not. In Figure 2 of the paper of Barker and co-workers,4 alternation of P-P intervals was present only during 2:1 A-V block and not during normal conduction; it is of interest that the P-P intervals in the latter case corresponded to the shorter P-P intervals in the presence of block. Furthermore, in Figure 1B of the paper of Lown and colleagues22 the alternation disappeared as soon as the 2:1 block changed into 3:1 block, while the shortening of the P-P intervals containing QRS persisted. These observations definitely prove the dependence of the auricular arrhythmia on ventricular systole in these cases.
The fact that ventricular systole influences the P-P interval also in auricular tachycardia with A-V block is important because it demonstrates that the same mechanism is valid for ectopic auricular rhythms as for the normal sinus rhythm. On the other hand, the presence of the auricular arrhythmia at the high auricular rates occurring during this tachycardia is contrasted with its absence or reversal when similar sinus tachyeardias are produced in A-V block by atropine or exercise.
DISCUSSION
The observations reported in this paper indicate clearly that in most cases of A-V block where ventricular systole exerts an effect on the auricular rhythm, two mechanisms are responsible for this effect. One of these consists of a prolongation of the P-P intervals (negative chronotropic effect), while the other results in a shortening of these intervals (positive chronotropic effect). In the following paragraphs we shall discuss the possible physiological mechanisms responsible for each of these effects, and shall try to determine which of these is supported best by our observations and by the results of other physiological studies.
A. The Negative Chronotropic Effect of Ventricular Systole begins suddenly and ends gradually, we would expect the curve representing the P-P intervals in their relation to the ventricular QRS complexes to have a sharp rise and a gradual descent if the auricular arrhythmia is caused by the pulse wave. We have seen in section I of this paper that this is actually the case in most cases of complete A-V block (table 3) . A sudden negative chronotropic effect on P-P was the only mechanism responsible for the auricular arrhythmia in 6 of the 10 cases studied, and it seemed to be absent in only one of these. This was the case with the fastest ventricular and auricular rates, which accordingly may have shown a certain degree of vagal inhibition.
It can be seen in table 3 that the intervals from the beginning of QRS to the P waves terminating the longest P-P intervals ranged from one to 2.10 second; the earliest time at which the negative chronotropic effect appeared ranged from 0.50 to 1.70 second.
The period of latency of the maximum negative chronotropic vagal effect of ventricular systole on P-P consists of several components. The first of these, the period from the beginning of the QRS complex to the beginning of ventricular ejection, amounts to approximately 0.1 second and is practically constant. The second component, the conduction time of the pulse wave from the heart to the arterial pressoreceptor areas is about 0.05 second; it decreases with increasing age and blood pressure. The third component is the time necessary for the maximal pressure to be attained in the arterial system. This interval amounts to 0.15 to 0.30 second, parallels the duration of ventricular systole and therefore decreases with an increase of the heart rate; in the case of the carotid sinus, the point of maximum arterial pressure coincides approximately with the apex of the T wave of the electrocardiogram. The fourth component is the latency of the pressoreceptors, the fifth is the conduction time to the medulla, the sixth is the ganglionic transmission time in the vagal nucleus, the seventh is the conduction time in the vagal nerve to the cardiac ganglia, the eighth is the transmission time in these ganglia, and the ninth is the time necessary for a sufficient amount of acetylcholine to be liberated near the pacemaker of the sinus node and to diffuse into the pacemaker cells. The fourth through eighth components probably do not exceed a few hundredths of a second;6 the difference between the latency between P-P response on vagal stimulation at the neck and direct stimulation of the vagal endings in the sinus node was only 0.02 second.6 The ninth component requires the longest of all the components. The latency between vagal stimulation and the first effect on P-P has been found to be 0.1 to 0.2 second, while the interval to the maximum effect on P-P was about 0.4 sec.6 When two successive stimuli were applied 0.39 second apart, the interval from the first stimulus to the point of maximum effect was 0.9 second.7 The summation of stimuli from the pressoreceptors acting throughout the peak of the arterial pulse wave may very well lead to intervals of equal or greater length. When the pressure in the carotid sinus of the dog was raised abruptly, the latency before the first effect on the heart rate was 0.3 to 0.5 second, while the latency of the maximal effect was in the order of 2 to 3 seconds.' We see, therefore, that the long intervals from the beginning of QRS to the maximum effect on the P waves are quite consistent with the assumption of a vagal reflex activated by the pulse wave.
During transitions from normal A-V conduction to 2:1 block (group A of section 2), the P-P interval immediately preceding a P-P interval without QRS was about 4 per cent longer than the P-P interval following this interval. Both intervals contained a QRS complex, and the only difference between them was that the first interval was preceded by a ventricular systole while the second was not. We can conclude, therefore, that the presence of a normal ventricular systole caused an increase in the following P-P interval, terminated by a P wave appearing about 1.10 second after the QRS complex of this systole. This is consistent with the vagal reflex mechanism as a cause of the negative chronotropic effect. When 2:1 conduction interrupted by ventricular extrasystoles was re-established (group A of section 3), the first P-P with QRS after the extrasystole was only 0.86 per cent longer than the first P-P with QRS after a P-P interval without QRS. This means that a ventricular extrasystole causes a much smaller prolongation of the P-P interval following it than a normally conducted ventricular systole. This is in keeping with the fact that extrasystoles usually have a smaller stroke volume than regular systoles.
During disappearance of 2:1 A-V block (group B of section 2), the first P-P interval after a P-P interval not containing QRS was about 90 per cent of this latter interval, while the second P-P with QRS was about 97 per cent of this interval. This means that the P-P interval which followed the first systole after the P-P interval without QRS was about 8 per cent longer than the P-P interval following the P-P interval without QRS. Both P-P intervals contained a QRS complex, and the only difference between them was that one of them was preceded by a ventricular systole while the other one was not. We can conclude that in this case ventricular systole exerted a negative chronotropic effect of about 8 per cent on the P-P interval following it. This effect is twice as big in this case as in the case of group A, discussed in the preceding paragraph; the reason for this is that in group B the pause preceding the ventricular systole in question was twice as long as in group A, and the stroke volume as well as the vagal effect caused by it were greater. When ventricular extrasystoles appeared in 2:1 block (group B of section 3), the first P-P interval with QRS after a P-P interval without QRS was about 7 per cent shorter than this latter interval, while the second P-P interval with QRS was only about 6 per cent shorter. The second P-P interval with QRS, which was preceded by a ventricular extrasystole, was accordingly about 1 per cent longer than the first P-P interval with QRS, which was not preceded by ventricular systole. The ventricular extrasystole in this case had a negative chronotropic effect of only 1 per cent (compared with 8 per cent for the normal systole); this could be explained by a smaller stroke volume of the extrasystole.
The effect of atropine or exercise described in section 4 has led us to the conclusion that the negative chronotropic effect disappears or is greatly diminished under these circumstances. This is perfectly in keeping with a vagal reflex nature of this effect, since both atropine and the vagal inhibition appearing after exercise would be expected to interfere with vagal reflexes. That the increased heart rate in itself is not responsible for the inhibition of the negative chronotropic effect is shown by the fact that this effect is fully developed in paroxysmal auricular tachycardias with 2: 1 A-V block, where the auricular rates are even faster than those appearing after atropine or exercise. That it is a negative chronotropic and not a positive chronotropic effect which is responsible for the effect of ventricular systole on P-P intervals in paroxysmal tachycardia is shown by the observation mentioned in section 5, that in 3:1 block the P-P interval containing a QRS complex has the same duration as the preceding P-P interval not containing QRS. Furthermore, we shall see that in these cases the P wave terminating the P-P interval containing QRS comes too early after QRS to be influenced by the positive chronotropic effect.
It is commonly believed that contrary to its action on sinus rhythm, the vagus has no slowing effect on auricular ectopic rhythms but rather causes them to terminate abruptly. However, a slowing of the ectopic rate previous to conversion was found in 12 of 33 instances during the conversion to a normal mechanism of supraventricular tachycardias by carotid sinus stimulation."6 We have observed the same phenomenon also during the conversion of supraventricular tachyeardias by ocular pressure. A negative chronotropic effect of ventricular systole was observed by Scherf and his coworkers34 in auricular ectopic tachycardias caused by topical application of aconitine, when A-V block was produced by vagal stimulation. It was emphasized that the P-P interval containing a QRS complex was of normal duration, while the following interval was prolonged. The authors conclude that a short reflex vagal stimulation may accordingly slow the ectopic stimulus formation in the auricle while a more prolonged direct vagal stimulation often leads to an increase of the ectopic auricular rate.
It must be mentioned that the P wave terminating the prolonged P-P interval which does not contain QRS appears 0.39 to 0.46 second after QRS, at a time when the vagal effect was not yet apparent in cases of A-V block with normal sinus rhythm (table 3). In order to identify the negative chronotropic effect in paroxysmal tachycardia with the vagal effect of the pulse wave, we must assume that the latency of the latter decreases with an increase of the ventricular rate. Table 3 shows actually that the longest latency of the negative chronotropic effect was found with the slowest ventricular rate (case 1 of the table), while the shortest latency occurred in case 8, which showed the highest ventricular rate; to be sure, the values between these two extremes showed considerable irregularity. One of the major components of the latency period is the duration of ventricular systole, and this shows a marked dependence on the heart rate. In the dog, the latency period of the effect of vagal stimulation on P-P was found shorter when the sympathetic nerves were stimulated at the same time. 6 We might also expect an increase in the conduction velocity of the pulse wave at the high diastolic arterial blood pressures found in paroxysmal tachycardia.
One peculiarity of the effect of ventricular systole which was found in the case of table 2 under the influence of atropine was the appearance of a dip in the curve of P-P intervals at about 0.90 second after beginning of QRS. A corresponding dip was found in the dog when the vagus was stimulated after injection of atropine, but it was often present also under normal conditions; a satisfactory explanation of this double summit type of curve could not be given.6 2. Inhibition of the Bainbridge Reflex by a Decrease of the Atrial Pressure Consequent to Ventricular Contraction Parsonnet and Miller25 suggested that ventricular systole causes a decrease of auricular pressure with a consequent inhibition of the Bainbridge reflex and an increase of the P-P intervals, while in the following period of ventricular asystole the increased auricular pressure would cause progressive decrease of P-P. This mechanism would apply primarily to the progressive decrease in the P-P intervals which is generally observed during long periods of asystole in Adams-Stokes syndrome, where progressive increase of venous and auricular pressures is likely. However, even in these cases the progressive fall in the arterial blood pressure would be sufficient to account for the decrease of P-P. It is interesting that even in cases of long asystole the first P-P interval following the last ventricular systole is prolonged (e.g., in fig. 3 of reference 31 ). In a dogf in which 2: 1 A-V block showing the characteristic alternation of the P-P interval happened to appear during registration of the ventricular and auricular pressures,2' the latter showed a slight rise toward the end of ventricular contraction and a greater fall immediately after the end of ventricular systole. It is possible that this fall could have caused an inhibition of the Bainbridge reflex and a subsequent increase of the P-P interval not containing QRS, which was terminated by a P wave appearing 0.78 second after this fall in auricular pressure. (The interval would have corresponded well to the latency time of the reflex.) Carlsten and Rudhe,8 who registered the roentgenkymogram of the right auricular border in cases of complete A-V block, found that the P waves which occurred during ventricular systole and were followed by long P-P intervals were accompanied by auricular waves of greater amplitude and duration than P waves, which appeared later in diastole and were followed by short P-P intervals. These authors suggested that, "Hemodynamic factors (the degree of filling and emptying of the right auricle) might play some role in the mechanism of the arrhythmia", but could reach no definite conclusions. If increased amplitude of auricular contraction is taken to indicate increased auricular pressure during ventricular systole, this observation would be in keeping with the explanation of the arrhythmia by the Bainbridge reflex.
The Bainbridge reflex has been thought to be elicited by pressoreceptors located in the superior vena cava and right auricle, the stimulation of these receptors by increased right auricular pressure causing a reflex vagal inhibition leading to an increase of the heart rate. However, an increase of heart rate on stimulation of these areas was found to be very inconstant and often completely lacking.3' 36 A group of discharges was found in the vagal nerves which appeared at the beginning of ventricular diastole and were parallel in their intensity to right auricular pressure,24 32 
Increased Blood Flow in the Sinus Node as a
Consequence of Ventricular Systole It was suggested that an increase in the blood flow in the arteries supplying the sinus node, consequent to ventricular systole, might cause a better diffusion of metabolites exerting a stimulating action on this node, resulting in a slowing of the auricular rate.1 We shall discuss the probability of such a mechanism later; however, the long latency of the negative chronotropic effect of ventricular systole as well as its inhibition by atropine would make such a mechanism appear very improbable. may hasten the discharge of the normal auricular pacemaker. This explanation was expanded by E. Doumer,12 who considered that the torsion of the ventricle during its ejection phase may exert a traction on the right auricle and the region of the sinus node. It has been known for a long time that traction, stretching and other mechanical effects increase the irritability of the myocardium and accelerate the stimulus formation; this was confirmed recently by Scherf and his coworkers'5 in the case of auricular tachyeardias caused by injection of aconitine. It was found, furthermore, that stretching caused the appearance of negative prepotentials and spontaneous rhythms in Purkinje fibers which had previously shown neither of these phenomena.39 A Qitnilar mechanical effect of the auricular contraction on the ventricle has been used to explain some forms of the Wolff-Parkinson-White syndrome. 20 The most striking demonstration of the role of the mechanical effect of ventricular contraction on auricular rhythm in A-V block was made by Segers37 in the case of isolated frog hearts perfused with Ringer solution, in which A-V block was produced by temporarily ligating the A-V groove. Under these conditions it was often observed that auricular contractions occurring during ventricular systole appeared after short intervals while those occurring in the early phase of diastole appeared after long intervals. It could be directly observed that each ventricular contraction caused a distension of the auricle while after the end of ventricular contraction there was a marked decrease in the degree of auricular distension. The fact that this phenomenon was not present when the heart was empty would lead to the conclusion that mechanical and not electrical effects of ventricular systole were responsible for it.
A direct mechanical effect of ventricular systole on the auricle would offer the best explanation for the cases of A-V block reported by Scherf"3 in which the short P-P intervals containing QRS were terminated by P waves showing an aberrant configuration; in one of these cases with Wenckebach's periods only the P waves occurring immediately after ventricular systole were aberrant while the two P waves occurring later during diastole were identical in their configuration. Scherf points out that these aberrant P waves can be easily mistaken for blocked auricular extrasystoles. The case of Perrin28 showed at first auricular extrasystoles, of the same form as the normal P waves, appearing with fixed coupling intervals in bigeminal rhythm. On another occasion, these extrasystoles were no longer conducted to the ventricle, leading to an electrocardiographic pattern which could not be distinguished from 2:1 A-V block with alternating P-P intervals. Perrin considers that in other cases of A-V block showing anticipation of the P waves occurring during ventricular systole, these P waves represent in reality sinus extrasystoles caused by the mechanical effect of ventricular contraction.
Of the 10 cases contained in table 3, four showed a sudden dip with a more gradual rise in the curve of the P-P intervals. In cases 8, 9 and 10 of this table, the beginning of this dip was at an interval of about 0.15 to 0.30 second and the maximum at an interval of 0.35 to 0.45 second after beginning of QRS. In general the dips seem to occur earlier when the ventricular rate is higher. The end of the T wave, which coincides approximately with the end of the ventricular ejection phase, occurred in all these cases 0.40 to 0.50 second after the beginning of QRS. As the maximum effect of ventricular traction on the auricle would be expected to occur toward the end of the ejection phase, the time of appearance of the positive chronotropic effect in these cases would be compatible with a mechanical genesis of this effect. It must be emphasized that such an effect would not be expected to have any period of latency in its influence on the stimulus formation. The case of 3:1 A-V block mentioned by Perrin, 28 in which the first P-P interval after ventricular systole was short while the other two intervals were equally long, is also compatible with a mechanical origin of the positive chronotropic effect of ventricular contraction.
During appearance of 2:1 A-V block (group A of section 2), the last P-P interval containing QRS was 6.7 per cent shorter than the following P-P interval which did not contain QRS. Both these intervals stood under the vagal effect of the ventricular systole which had occurred about one second earlier, and the only difference between them was that the P wave terminating the first P-P interval was immediately preceded by ventricular systole while the P wave terminating the second interval was not. In this case we can conclude that the presence of a normal ventricular systole caused the P-P interval terminated by a P wave occurring about 0.40 second after QRS to become about 7 per cent shorter. If we apply the same reasoning to group A of section 3, we find that a ventricular extrasystole had a shortening effect of about 11 per cent in a different case.
During disappearance of 2:1 A-V block (group B of section 2), the second P-P interval following the last P-P interval without QRS was about 3 per cent shorter than this latter interval. During both intervals the vagal influence of the ventricular systole which preceded them was present, and the only difference between them was that the second interval included ventricular systole while the first interval did not. This means that the second normal ventricular systole after the last pause of 2:1 A-V block exerted a positive chronotropic effect of about 3 per cent. We have seen that the first P-P interval containing QRS after this pause was about 10 per cent shorter than the P-P interval without QRS immediately preceding it. As the former was not influenced by the negative chronotropic effect of a preceding ventricular systole while the latter was not influenced by the positive effect of any systole, the difference of 10 per cent is the sum of the positive and negative chronotropic effects. Earlier, in A 1, we found that the negative chronotropic effect of the first ventricular systole after a long pause was 8 per cent. By subtracting this amount from the total effect of 10 per cent, we can obtain the positive chronotropic effect of the first ventricular systole following the pause of 2:1 block, which in this case is 2 per cent. We see therefore, that the positive chronotropic effect of a ventricular systole occurring at normal rates is 6 per cent, while this effect is only 2 per cent for the systole following a long pause and 3 per cent for the next systole. We can explain this difference in terms of the mechanical genesis of the positive chronotropic effect if we refer to roentgenkymographic observations which indicate that the volume of the ventricle at the end of systole is greater when the heart rate is low than when it is high, as for instance after exercise.30 If the ventricular ejection is more complete at high than at low heart rates, we would expect that its mechanical effect on the auricles would also be greater after a long diastolic pause. That this positive chronotropic effect was still small in the second systole following the pause might be explained by a staircase effect. The observation mentioned in the previous paragraph, that the positive chronotropic effect was greater in ventricular extrasystoles than in normal beats, might also be explained by a deficient filling and consequently a more complete emptying of the former.
The assumption that the mechanical effect of ventricular contraction on the auricle is greatest after short ventricular pauses would also be in keeping with our observation that the positive chronotropic effect of ventricular systole was present especially in the cases with a high ventricular rate (table 3) . In case 4 of this table, this effect was greater, while the negative chronotropic effect was smaller, when the ventricular rate was higher. After atropine or exercise, the negative chronotropic effect of ventricular contraction was found to be absent or greatly diminished, while the positive chronotropic effect seemed to be approximately the same or even greater. In our case of complete A-V block this effect was 7 per cent before and after atropine, while in our case of 2:1 block the calculated effect at rest was about 2 per cent while the effect after exercise was about 5 per cent. This is in keeping with the mechanical genesis of the positive chronotropic effect, which could not be expected to be influenced by vagal inhibition. As far as our observation in cases of auricular tachycardia with 2:1 A-V block are concerned, we have already mentioned that the auricular arrhythmia in these cases seems to be due entirely to a negative chronotropic effect of ventricular systole. One of the reasons for this may be that the P waves in these cases always occurred outside of the period (around 0.35 second after QRS) where a maximum positive chronotropic effect would be expected.
2. Direct effect on the sinus node of auricular pressure changes caused by ventricular systole: It has been suggested that changes in the auricular pressure exercise a direct effect on the rate of stimulus formation in the sinus node.32 36 since they may cause changes of the auricular rate even in denervated hearts. 38 The increase of auricular pressure during ventricular systole, which was referred to earlier during the discussion of the Bainbridge reflex, might accordingly cause a direct shortening of the P-P intervals. We would expect this positive chronotropic effect to appear at about the same time as a direct mechanical effect of ventricular contraction. However, the observations quoted during the discussion of the Bainbridge reflex, in which an increase of auricular rate failed to appear even after considerable increase of auricular pressure would make it improbable that such a mechanism operates under the very small changes of auricular pressure occurring during ventricular systole. At any rate, the traction exerted on the sinus node by such changes of auricular pressure would be much smaller than that exerted by the powerful contraction of ventricular muscle.
b. Direct Effect of the Electrical Activity of the Ventricles on the Sinus Node. It is well known that direct electric currents cause at the cathode an acceleration of existing rhythmic activity or even the appearance of automatism when it was not present previously. Segers37 has shown that two frog hearts or myocardial fragments can synchronize themselves when the action potentials of one can reach the other. If the negative action potential appears just before the stimulus is discharged, it can accelerate the latter, but if this potential appears shortly after the discharge has taken place, it will fall into the refractory phase and remain without effect, while the postcathodic depression which follows it can delay the appearance of the next discharge.37 Schaefer32 suggested that an accelerating effect of the action potential of the ventricles on the auricle might be responsible for the varying P-P intervals in A-V block. An effect of this kind could be produced either by the ventricular QRS complex or by the T wave, both of which have normally a predominantly negative potential in leads from within the right auricle,20 and in lead aVR which shows greatest resemblance to the latter. The QRS complex has the greater voltage, while the T wave has the greater duration. As in the case of the mechanical effect of ventricular contraction, the electrical effect would be expected to act without any latency. If the QRS complex were responsible for the chronotropic effect, the maximum of this effect would appear very early after QRS; this did not happen in our cases. If the T wave were responsible for the electrical effect, the time of appearance of this effect would be the same as in the case of a mechanical effect. It would favor an electrical mechanism if the presence or absence of a positive chronotropic effect depended on the voltage and direction of the ventricular com-plex in lead aVR, but no such relation could be found in the material accessible to us. On the other hand, the dependence of the positive chronotropic effect on the preceding ventricular pause which we mentioned earlier would definitely favor a mechanical genesi of this effect.
c. Increased Blood Flow in the Arteries of the Sinus Node During Ventricular Systole. Wenckebach and Winterberg40 explained the auricular arrhythmia in A-V block by assuming that the increased blood flow in the arteries supplying the sinus node during ventricular systole resulted in improved nutrition of this node and accelerated stimulus formation. Two conditions would have to be fulfilled if this assumption were valid. First of all, a phasic blood flow not only in the arteries but also in the capillaries of the sinus node would have to be assumed. While such a pulsatile flow is usually absent in the capillaries it may appear under certain conditions, such as vasodilatation and high pulse pressure. '8' 19 The pulse pressure in the coronary arteries, which are the first to originate from the aorta, can be expected to attain high values, especially at the slow ventricular heart rates usually present in A-V block. Although the maximum flow in the coronary arteries occurs in the diastole, the arteries supplying the auricles would be expected to have a systolic flow maximum, as the auricles are relaxed at this time. However, even if phasic blood flow were present in the capillaries of the sinus node, it is unlikely that the amount of oxygen reaching the interior of the muscle fibers would show considerable variations of this kind because of the diffusion gradient. At any rate, this gradient would delay the maximum oxygen supply at least until late systole, and this would be inconsistent with the early maxima of the positive chronotropic effect observed in some of our cases. The second assumption is that the rate of stimulus formation in the sinus node is actually dependent on its blood supply. While a depression of stimulus formation does appear in extreme anoxia, it is unlikely that such a condition should exist in the sinus node during diastole. Furthermore, our observations indicate that the positive chronotropic effect of ventricular systole is more marked at high than at low ventricular rates, and pulsatile flow in the capillaries of the sinus node would be less likely under these conditions.
Reflex Mechanisms as a Cause of the Positive
Chronotropic Effect of Ventricular Systole a. The Bainbridge Reflex. We have already discussed the possible role which the Bainbridge reflex may play in the genesis of the negative chronotropic effect following ventricular systole. This reflex was considered responsible for the decrease of the P-P intervals during ventricular systole,"5 but in view of the fact that this reflex would necessarily require a considerable period of latency, it can not be applied to explain the early positive chronotropic effect of ventricular systole described in this paper. The persistence of this effect after atropine or exercise is also incompatible with a vagal reflex mechanism.
b. Pulmonary component of the Bainbridge Reflex. It was suggested3 that the auricular acceleration attributed to the Bainbridge reflex may result from stimulation of pressoreceptors located in the pulmonary artery. Discharges originating in such receptors have been observed to occur synchronously with the peak of the pulmonary arterial pressure wave.27 However, the exact effect of these discharges is unknown, and it is improbable that they play any role in the positive chronotropic effect of ventricular systole for the same CONCLUSIONS The observations presented in this paper have led us to the conclusion that each ventricular systole may exert even under normal conditions two distinct effects on the stimulus formation in the auricles. The first is a positive chronotropic effect, which tends to accelerate the stimulus formation and has a maximum effect on P waves appearing 0.3 to 0.4 second after the beginning of the ventricular QRS complex. It is more pronounced at moderate than at slow ventricular rates and is probably caused by the traction of the contracting ventricle on the right auricle. In some published cases, which we were unable to investigate in detail, this effect occurred 0.60 to 0.85 second after beginning of QRS, and was probably mediated by a nervous mechanism related to the Bainbridge reflex. The second effect is a late negative chronotropic effect which appears 0.6 to 1.00 second after the beginning of QRS, is more pronounced at slow ventricular rates, and is very probably due to a reflex vagal stimulation caused by arrival of the pulse wave at the arterial pressoreceptor areas. In the normal range of heart rates, these two effects probably neutralize each other, as each sinus discharge is under the influence of the positive chronotropic effect of the preceding ventricular systole and of the negative chronotropic effect of the systole preceding the latter. At high heart rate the sinus rhythm is influenced more by the positive chronotropic effect of the preceding systole, while at low rates the negative chronotropic effect predominates. This interaction may explain the observation of Schaefer32 that the frequency distribution of P-P intervals in certain cases of respiratory arrhythmia shows pronounced maxima at the values of 0.7 and one second, while the values around 0.85 second may not appear at all. The assumption could be made that P waves which would be due to appear at these latter intervals would either appear prematurely because of a positive chronotropic effect of the preceding systole or appear delayed because of a negative chronotropic effect.
In A-V block, P-P intervals containing a QRS complex are terminated by P waves which are usually affected by the positive chronotropic effect of the preceding ventricular systole and are accordingly shorter than P-P intervals which do not contain QRS and are terminated by P waves appearing under the influence of the negative chronotropic effect. This interaction tends to delay P waves which normally would have appeared during the second half of diastole and to accelerate P waves which otherwise would have appeared during the first half of diastole; as a result, most P waves in complete A-V block showing pronounced chronotropic effects of ventricular systole appear either shortly before the QRS complex or soon after the T wave. This accounts for the well known observation that some cases of complete A-V block may show an electrocardiographic pattern closely resembling 2:1 block for long periods of time. Figure 3a shows such a synchronization of the auricles and ventricles in the absence of true A-V conduction.
Under certain conditions the usual relation between QRS complexes and P-P intervals may be reversed, so that P-P intervals containing QRS are longer than those not containing it. Such a paradoxic behavior of the P-P intervals can be brought about by two factors. The first of these includes sudden variations of the auricular rate caused by changes of the sympathetic or vagal tone not related to ventricular systole. If these variations are greater than those caused by the chronotropic effect of ventricular systole, a paradoxic behavior of P-P may appear. The second factor depends on the time of appearance of the P waves ter-minating P-P intervals enclosing a QRS complex. If the positive chronotropic effect of ventricular systole predominates, P-P intervals terminated by P waves which appear before this effect has developed, that is, within 0.15 to 0.35 second of the beginning of QRS, will not be affected, while the following P-P intervals will be shortened although they do not contain a QRS complex, since the P waves which terminate them will appear during the positive chronotropic effect. In complete A-V block, where the P waves may appear at any time after QRS, a certain percentage of P-P intervals will accordingly always be paradoxic. In table 3, this was true of the cases 4, 8 and 9 in which all paradoxic P-P intervals were terminated by P waves appearing early after QRS. In case 10 there were no paradoxic P-P intervals in spite of the fact that the positive chronotropic effect predominated, since the auricular rate was very slow and the following P waves were already influenced by the slight negative chronotropic effect present in this case. The same explanation applies to those instances of cases 4 and 8 of the table where P-P containing QRS did not show a paradoxic behavior even when it was terminated by a P wave appearing very soon after QRS.
In cases of complete A-V block in which the late negative chronotropic effect of ventricular systole predominates, the P-P interval containing QRS is usually influenced by this effect much less than the following interval, and accordingly shows no aberrant behavior (cases 5 and 7 of table 3). However, if the auricular rate is low, P waves which appear a short time before a QRS complex may initiate P-P intervals which contain QRS but are longer than the average because the P waves terminating them will be already under the influence of the negative chronotropic effect; these P-P intervals will accordingly show a paradoxic behavior. On the other hand, if the P-P intervals become even longer, nearly every P-P interval will contain a QRS complex, and the term "paradoxic behavior of P-P" can then be applied only in rare instances. Another type of paradox may appear if the ventricular rate is very low compared with the auricular rate and the negative chronotropic effect is late; in this case the P-P intervals containing QRS will be still influenced by the negative chronotropic effect of the preceding ventricular systole, while during the following P-P interval this effect will have declined considerably while the negative chronotropic effect of the systole which has just terminated will not have commenced yet. In this case the paradoxic P-P intervals are terminated by P waves which appear within comparatively short intervals of QRS, as in case 1 of table 3.
It is the current belief that atropine abolishes the effect of ventricular systole on auricular rhythm in A-V block, as manifested by the difference in the P-P intervals containing and those not containing QRS complexes. Our observations show that a disappearance of this difference may be only a transitional phase appearing previous to complete reversal of this difference. The cases in which such a reversal was observed showed a predominant positive chronotropic effect of ventricular systole, and the reversal in these cases was caused by two factors. The first of these was the disappearance of the vagal negative chronotropic effect, while the second was an acceleration of the auricular rate which caused the P waves following the P-P intervals with QRS to appear during the maximum of the positive chronotropic effect. The latter was not influenced by atropine. It is probable that in cases of A-V block in which the negative chronotropic effect of ventricular systole is the only one present the disappearance of the effect of ventricular systole on P-P would be a genuine one, and no reversal of the effect would be observed. The same considerations would apply to the effect of exercise.
In cases of 2: 1 A-V block with a predominant positive chronotropic effect, a paradoxic behavior of the P-P intervals is likely to appear, if the P-R intervals are long, and cause the next P wave to appear soon after QRS. On the other hand, in cases with a predominant negative chronotropic effect, in which the heart rate is usually low, a paradoxic behavior of P-P is likely to appear if the P-R interval is short, thus allowing the blocked P wave to appear under the influence of the maximum negative chronotropic effect. Between the values of P-R which lead to the usual and those which lead to a paradoxic behavior of the P-P intervals, a value can be found at which the effect of ventricular systole on P-P intervals will be apparently entirely absent. It is very likely that among the cases of A-V block listed in the introduction as not showing such an effect, many would have shown this effect at a different heart rate. In addition to these, there are certainly many cases which show a true absence of the chronotropic effect of ventricular systole; in such cases this effect is absent also when the degree of block changes or when complete A-V block appears. Some of the factors which may be responsible for this lack of a chronotropic effect of ventricular systole have been enumerated by Roth and Kisch;31 the evaluation of these factors would need a more extensive material than is available in the present paper. SUMMARY 1. In one personal and nine published cases of complete A-V block, which showed a pronounced difference between P-P intervals containing a QRS complex and those not containing it, the relation between the P-P intervals and the time of appearance of the P waves concluding them with respect to the beginning of QRS was plotted in graphic form. In six of these cases, the curve of P-P intervals showed a sudden rise 0.7 to 1.7 second after beginning of QRS, followed by a gradual return to the initial values. These cases were considered to show only a negative chronotropic (i. e. slowing) effect of ventricular systole on the auricular rate. One case showed a sudden dip in the curve of P-P intervals at about 0.15 to 0.30 second from the beginning of QRS, followed by a gradual return to initial values; this case was considered to show only a positive chronotropic (i.e. accelerating) effect of ventricular systole. Three cases showed both an early dip and a late rise in the curve of P-P intervals; these cases were considered to show both a positive and a negative chronotropic effect.
2. In one case of transient 2: 1 A-V block, the behavior of the P-P intervals were studied during these transitions. From the effect of the absence of a ventricular systole on the P-P intervals, the values of the positive and negative chronotropic effects of this systole and of the following systole were calculated. The same procedure was applied to a case of complete A-V block in which the ventricular pauses were sometimes interrupted by ectopic ventricular beats.
3. The effect of atropine and of exercise was studied in two cases of A-V block. While at rest these cases showed that P-P intervals containing QRS were usually shorter than those not containing it, atropine or exercise causes this difference at first to disappear and later to become reversed. This behavior was explained by assuming that the positive chronotropic effect of ventricular systole was not influenced by atropine while the negative chronotropic effect disappeared.
4. In one personal and 15 published cases of auricular paroxysmal tachycardia with 2: 1 A-V block, the P-P intervals containing a QRS complex were shorter than those not containing it. The fact that this behavior was present at the same auricular rates at which the reverse behavior appeared in simple A-V block after atropine or exercise was explained by the persistence of the negative chronotropic effect of ventricular systole in paroxysmal tachycardia. 5 . Seven possible explanations of the positive chronotropic effect of ventricular systole were discussed; the most probable one is that this effect is caused by an accelerated stimulus formation in the sinus node under the influence of the traction exerted by the contracting ventricle on the right auricle. Three possible explanations of the negative chronotropic effect of ventricular systole were discussed; the most probable one is that this effect is caused by a reflex vagal slowing of the sinus rhythm as a result of the stimulation of arterial pressoreceptors by the pulse wave.
6. It is probable that in normal rhythm the positive chronotropic effect of ventricular systole on the sinus node is approximately counterbalanced by the negative chronotropic effect of the preceding systole. In A-V block the positive chronotropic effect of ventricular systole usually causes the P-P intervals containing a QRS complex to be shortened while the negative chronotropic effect causes the P-P intervals not containing QRS to be prolonged. Under certain circumstances a paradox in the behavior of the P-P intervals may appear, causing the reversal of this difference. In cases showing a predominant positive chronotropic effect this is likely to appear when P waves concluding a P-P interval containing a QRS complex appear very soon after the QRS complex, before this effect has had time to appear. In cases showing a predominant negative chronotropic effect a paradoxic behavior of P-P may appear also when the P waves terminating it fall soon after QRS, since then the following P waves appear at the maximum of the negative chronotropic effect. When the auricular rate is slow, paradox P-P intervals tend to appear when the P waves terminating them are midway between two QRS complexes. If the P waves happen to appear at a position between that favoring a normal behavior of P-P with respect to QRS, and that favoring a paradoxic behavior, an apparent absence of the effect of ventricular systole on P-P may result 
